Introduction of a 1-benzyl-1H-pyrazol-4-yl moiety at C7 of the imidazo [4,5-b]pyridine scaffold provided 7a which inhibited a range of kinases including Aurora-A. Modification of the benzyl group in 7a, and subsequent co-crystallisation of the resulting analogues with Aurora-A indicated distinct differences in binding mode dependent upon the pyrazole N-substituent. Compounds 7a and 14d interact with the P-loop whereas 14a and 14b engage with Thr217 in the post-hinge region. These crystallographic insights provide options for the design of compounds interacting with the DFG motif or with Thr217.
7-(Pyrazol-4-yl)-3H-imidazo [4,5-b] pyridine-based derivatives for kinase inhibition: Co-crystallisation studies with Aurora-A reveal distinct differences in the orientation of the pyrazole N1-substituent 
a b s t r a c t
Introduction of a 1-benzyl-1H-pyrazol-4-yl moiety at C7 of the imidazo [4,5-b] pyridine scaffold provided 7a which inhibited a range of kinases including Aurora-A. Modification of the benzyl group in 7a, and subsequent co-crystallisation of the resulting analogues with Aurora-A indicated distinct differences in binding mode dependent upon the pyrazole N-substituent. Compounds 7a and 14d interact with the P-loop whereas 14a and 14b engage with Thr217 in the post-hinge region. These crystallographic insights provide options for the design of compounds interacting with the DFG motif or with Thr217. Over the last decade, extensive research has been directed towards the discovery of small molecule inhibitors of the Aurora protein kinases as anticancer agents. This effort led to the identification of multiple structurally diverse chemotypes for Aurora kinase modulation. [1] [2] [3] [4] [5] In addition to small molecules inhibiting all three Aurora isoforms A, B and C, several compounds displaying Aurora isoform selectivity have also been reported including AZD1152 which selectively inhibits Aurora-B, 6 and the selective Aurora-A inhibitor MLN8237. 7 Several of these small-molecule inhibitors (e.g., PHA-739358, 8, 9 AZD1152 and MLN8237) have progressed through preclinical development into clinical evaluation for the treatment of a range of human malignancies. [1] [2] [3] [4] [5] We have previously reported imidazo [4,5-b] pyridine-based inhibitors of Aurora kinases including 1 (CCT137690), 10 the dual FLT3/Aurora kinase inhibitor 2 (CCT241736), 11 and compound 3 which selectively inhibits Aurora-A over Aurora-B 12 ( Fig. 1 ). In our work related to the discovery of 3, modification of the imidazo [4,5-b] pyridine scaffold at C7 included the introduction of a 1-benzyl-1H-pyrazol-4-yl moiety that provided entry into 7-(pyrazol-4-yl)-3H-imidazo [4,5-b] pyridine-based derivatives. Herein, we report our medicinal chemistry effort aimed at improving the pharmacological profile for this class of compounds, and present kinome profiling data that indicate promiscuous kinase inhibition for this subseries. In addition, we report ligand/Aurora-A protein crystallographic data that show different orientations for the substituent on the pyrazole ring suggesting that the 7-(pyrazol-4-yl)-3H-imidazo [4,5-b] pyridine scaffold could be utilised for the design of compounds that additionally interact with the DFG motif or with Thr217, the latter tactic has been demonstrated to enhance Aurora-A over Aurora-B selectivity.
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Synthesis of 7-substituted imidazo [4,5-b] pyridine derivatives 7a-e (Table 1) is shown in Scheme 1. Key intermediates 5a-e were obtained via Suzuki reaction between 4-chloro-3-nitropyridin-2-amine (4) and the requisite boronic acid or boronic acid pinacol ester coupling partner. 1-(3,4-Difluorobenzyl)-, 1-(4-fluorobenzyl)-, and 1-(4-chlorobenzyl)-1H-pyrazole-4-boronic acid pinacol esters were prepared by heating 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (11) acid and (1-(4-fluorophenyl)-1H-pyrazol-4-yl)boronic acid, required for the synthesis of 5a and 5e respectively, were commercially available. N-chlorosuccinimide-mediated C5-pyridine chlorination was followed by reaction with 1,3-dimethyl-1H-pyrazole-4-carbaldehyde in the presence of Na 2 S 2 O 4 , as previously described, 11, 12, 14 to afford the imidazo [4,5-b] pyridine derivatives 7a-e (Scheme 1, Table 1 ).
The 2-amino-3-nitro-pyridine derivative 9 (Scheme 2), key intermediate for the synthesis of 14a and 14b (Table 2) , was obtained from 4-chloro-3-nitropyridin-2-amine (4) by a Suzuki cross-coupling reaction to (1-(3-(methoxycarbonyl)benzyl)-1H-pyrazol-4-yl)boronic acid pinacol ester, prepared by reacting 11 with methyl 3-(bromomethyl)benzoate 13 , followed by C5-pyridine chlorination with N-chlorosuccinimide (Scheme 2). An attempt to prepare 10a directly from the methyl ester intermediate 9 upon treatment with dimethylamine under microwave irradiation resulted in formation of the corresponding carboxylic acid.
Coupling of this acid with dimethylamine via HATU carboxyl activation provided 10a (Scheme 2). Starting from the methyl ester intermediate 9, access to 10b was achieved by alkaline ester hydrolysis followed by HATU-mediated coupling with 1-methylpiperazine (Scheme 2). Imidazo [4,5-b] pyridine ring formation to afford 14a and 14b (Table 2 ) was effected by reacting 10a and 10b with 1,3-dimethyl-1H-pyrazole-4-carbaldehyde in the presence of Na 2 S 2 O 4 as previously described. 11, 12, 14 The orthosubstituted derivative 14c (Table 2 ) was prepared by a procedure analogous to that described for its meta-isomer 14b (Scheme 2, Table 2 ). Access to 2-amino-3-nitro-pyridine derivative 13 (Scheme 3), key intermediate for the preparation of 14e-g, was achieved by alkylation of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (11) with 3-(bromomethyl)benzaldehyde 13 followed by a Suzuki cross-coupling reaction with 4-chloro-3-nitropyridin-2-amine (4) (Scheme 3). Reductive amination of the benzaldehyde moiety in 13 was accomplished under standard conditions (NaBH (OAc) 3 /AcOH with methylamine or pyrrolidine, and NaBH 3 CN with dimethylamine). The synthesis of 14e-g (Table 2 ) was finalised by the C5-pyridine chlorination of the requisite intermediate followed by imidazo [4,5-b ]pyridine ring formation as described for the preparation of 7a-e (Scheme 1). Finally, the isoxazole derivative 14d (Table 2 ) was prepared from 4 by a route analogous to that described for the synthesis of 7a-e (Scheme 1). For this synthetic sequence, (1-((5-methylisoxazol-3-yl)methyl)-1H-pyrazol-4-yl) boronic acid pinacol ester, required for the Suzuki cross-coupling reaction, was prepared by alkylation of 4-(4,4,5,5-tetramethyl- 1,3,2-dioxaborolan-2-yl)-1H-pyrazole (11) with 3-(bromomethyl)-5-methylisoxazole. 13 As part of our medicinal chemistry programme to discover selective inhibitors of Aurora-A, 12 we introduced the 1-benzyl-1H-pyrazol-4-yl moiety at C7 of the imidazo [4,5-b] pyridine scaffold to provide 7a (Table 1) . We previously reported 1,3-dimethyl-1H-pyrazol-4-yl as a preferred substituent at the C2 position of the imidazo[4,5-b]pyridine scaffold 11 and this moiety was therefore incorporated into the design of 7a and analogues presented in this study. In biochemical assays, 7a inhibited both Regarding cell growth inhibition, 7a inhibited the growth of SW620 and HCT116 human colon carcinoma cells (GI 50 = 0.18 and 0.15 lM, respectively). 19 Compound 7a displayed moderate mouse and human liver microsomal stability (40% and 43% metabolised, respectively, after a 30 min incubation). This in vitro profile prompted us to investigate this C7-pyrazole substituted imidazo [4,5-b] pyridine subseries in more detail. Firstly, we attempted to increase biochemical potency against Aurora-A, and also to improve microsomal stability. Introduction of a p-F substituent in the phenyl ring of 7a provided compound 7b which displayed a similar Aurora-A/B inhibitory profile, and human liver microsomal stability to that of 7a. No improvement in Aurora-A inhibitory potency was observed with the introduction of an additional fluorine (compound 7c, Table 1 ), however the p-chlorobenzyl counterpart (compound 7d, Table 1 ) displayed similar Aurora inhibitory activities to that of 7b with improved human liver microsomal stability (16% metabolised after 30 min incubation with human liver microsomes). For a better understanding of the microsomal stability data, the protein binding for 7a, 7d and 7e in microsomal incubations was measured. The percentage of 7a unbound in MLM and HLM was determined as 6.71 and 4.89, respectively. Compounds 7d and 7e were more highly bound: for 7d the percentage unbound was 0.50 in both MLM and HLM and for 7e was 0.16 and 0.10, respectively. Based on these data, it is possible that the observed improvement in HLM metabolic stability for 7d compared to 7a is due to lower fraction unbound for the former; notably 7a and 7d display similar Likewise, 7b and 7c showed potent HCT116 cell growth inhibition (GI 50 = 0.20 and 0.13 lM, respectively). We postulated that potent cell growth inhibitory activity relative to biochemical Aurora-A and Aurora-B modulation may be attributable to gain of off-target kinase inhibition in this sub-series, although we acknowledge that translation to more potent cellular inhibition of Aurora-A versus Aurora-A biochemical potency may also be a contributing factor. The potent cell-based activity prompted us to investigate kinome selectivity profiles for this class of compound by screening 7a
and 7d in a 102-kinase panel at a concentration of 1 lM.
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Indeed, both compounds inhibited a range of kinases including ERK8, GSK3b, MLK1, JAK2, TrkA and VEGFR greater than 80% (Table S1 , Supplementary data) with Gini coefficients 21 (Fig. 3) . In vivo mouse pharmacokinetic profiling of 7d revealed low oral bioavailability (16%) with moderate clearance (0.016 L/h, 13.3 mL/ min/kg) and volume of distribution (0.02 L, 1.0 L/kg). Similar pharmacokinetic parameters were observed for 7a with low oral bioavailability (13%), moderate clearance (0.012 L/h, 10.0 mL/ min/kg) and volume of distribution (0.01 L, 0.5 L/kg). The mouse plasma protein binding for 7a and 7d was determined as 99.48% and >99.9%, respectively. We determined low kinetic solubility for both 7a and 7d (<0.0001 mg/mL in phosphate buffer, pH = 6.8) 23 which may be a contributing factor to the observed low oral bioavailability. In an attempt to improve the aqueous solubility, the Aurora inhibitory potency and kinase selectivity of this sub-series, we explored the introduction of basic substituents such as 1-methylpiperazine and pyrrolidine as well as replacement of the phenyl ring with a more polar heterocycle. This approach was guided by the ligand/protein interactions observed in the protein crystal structure of 7a, which showed that the N-benzyl substituent on the C7-pyrazole is oriented towards the P-loop (Fig. 4) . It was anticipated that the introduction of small substituents on the phenyl ring in 7a would be well tolerated without altering its orientation in the kinase active site. Alternatively, we envisaged that Thr217 in Aurora-A may be accessed via an appropriate pyrazole N1-benzyl derivatisation such as a bulky amido substituent, which would form a favourable hydrogen bond interaction with the side chain hydroxyl of Thr217. Similar approaches were previously applied by us in the design of selective inhibitors of Aurora-A. 12, 16 Replacement of the phenyl ring in 7a with 5-methylisoxazole (compound 14d) led to a significant improvement in Aurora inhibition in our biochemical assays (Aurora-A IC 50 = 0.035 lM, Aurora-B IC 50 = 0.075 lM; Table 2 Table S3 , Supplementary data) shows a similar binding mode to that adopted by 7a; however, the P-loop of Aurora-A adopts a different conformation, stabilised by interactions with the 5-methylisoxazole; this P-loop conformation is very similar to that previously observed for compound 1 (compound 51 in Ref. 10 ). The m-dimethylbenzamide derivative 14a (Table 2 ) was a more potent inhibitor of Aurora-A compared to 7a but its human liver microsomal stability was lower (72% metabolised after a 30 min incubation). A similar trend was observed with the m-1-methylpiperazine derivative 14b which was also a more potent inhibitor of Aurora-A compared to 7a but with poor metabolic stability in both mouse and human liver microsomes (Table 2) . Both 14a and 14b were more potent (by 8-and 5-fold, respectively) inhibitors of Aurora-A relative to Aurora-B ( Table 2 ). The crystal structures of 14a and 14b bound to Aurora-A 22,24,25 were determined (Table S3 , Supplementary data; Figs. 6 and 7) and revealed a consistent difference in the binding mode of these ligands when compared to 7a and 14d. Bulkier substituents on the pyrazole group no longer interact with the pocket formed by the two b-strands of the P-loop. Instead, these bulkier groups are positioned between the b1 strand of the P-loop and the post-hinge region. This orientation places them in close proximity to Thr 217, with a minimum interaction distance of 3.8 Å, which may explain the selectivity of these compounds towards Aurora-A. Notably, Aurora-B and Aurora-C have a glutamic acid at the equivalent position to Thr217, and computational modelling of this Thr to Glu replacement suggests that the bulkier R-groups of 14a and 14b may invoke a steric clash with a glutamic acid at position 217 (Fig. 6C, Fig. 7C ).
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The o-regioisomer of 14b (compound 14c) displayed a similar profile to that of 14b although its potency against Aurora-A was marginally lower and selectivity over Aurora-B was eroded ( Table 2 ). The introduction of the smaller m-dimethylamino basic substituent (compound 14e) led to potent inhibition of both Aurora-A and Aurora-B although mouse and human liver microsomal stability was poor (Table 2) . Likewise, the m-pyrrolidine derivative 14f potently inhibited both Aurora-A (IC 50 = 0.017 lM) and Aurora-B (IC 50 = 0.031 lM) but was also highly metabolised (Table 2 ). The potent Aurora-A and Aurora-B activity of these compounds suggests that they do not adopt a binding mode involving interaction with Thr217 in Aurora-A similar to 14a and 14b, but might bind similarly to 7a and 14d. Unfortunately, we have been unable to resolve the binding mode of compounds 14e and 14f by co-crystal structure determination to verify this hypothesis. The m-methylamino counterpart of 14e (compound 14g) also displayed potent inhibition of both Aurora-A (IC 50 = 0.018 lM) and Aurora-B (IC 50 = 0.032 lM) and demonstrated improved metabolic stability compared to 14e and 14f (Table 2) . Compound 14g inhibited the growth of SW620 and HCT116 cells (GI 50 = 0.34 and 0.23 lM, respectively); however, profiling in a 105-kinase panel at a concentration of 1 lM revealed 30 kinases including ERK8, GSK3b, MLK1, JAK2, TrkA and VEGFR that were inhibited by P80% (Gini coefficient = 0.267, Table S2 , Supplementary data). Based on these findings, our interest in this 7-(pyrazol-4-yl)-3H-imidazo [4,5-b] pyridine-based sub-series was discontinued and our efforts focussed on compound 3 (Fig. 1) as a highly selective inhibitor of Aurora-A kinase. 12 However, the kinase inhibitory profiles of compounds 7a, 7d, 14d, and 14g suggest that the 7-(pyrazol-4-yl)-3H-imidazo [4,5-b] pyridine scaffold could serve as the basis for a multitargeted kinase inhibitor design. In addition, the ligand/Aurora-A protein crystallographic data indicate distinct differences in the orientation of the pyrazole N-substituent. The phenyl group in 7a and the 5-methylisoxazole in 14d point towards the P-loop, whereas the bulkier benzamido substituted phenyl rings in 14a and 14b position between the b1 strand of the P-loop in close proximity to Thr217 and also to the DFG motif. These ligand/protein crystallographic insights could therefore be further exploited in the design of compounds interacting with the DFG motif or in enhancing the selectivity for Aurora-A inhibition over Aurora-B. production. We thank Diamond Light Source for beamtime and the staff of beamlines I03 and I04 for assistance with data collection.
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